Introduction
Conjugated polymer semiconductors continue to attract considerable attention for applications in optoelectronic and electrochemical devices, such as photovoltaic cells, 1 light emitting diodes, 2 sensors, 3 electrochromics, 4 and field-effect 20 transistors. 5 Plastic materials can offer great advantages for the creation of flexible and light-weight devices that can be fabricated in large area formats by low-cost solution processing techniques. For applications, the electron-donating or electron-accepting properties of the conjugated polymers 25 are of crucial importance. Although many varieties of high performance p-type (electron donor) polymers and ambipolar polymers are available, 6 stable processable n-type polymers with high electron affinities (c.a. 4 eV) are not in abundance. 7 Relatively few studies have been reported concerning 30 heterojunctions between p/n-type polymers for photovoltaic cells, 8 mainly due to the limited n-type polymers with the necessary high electron affinity (EA). As a result the majority of organic polymer photovoltaic devices have employed fullerene acceptor molecules, such as methanofullerene 35 phenyl-C 61 -butyric-acid-methyl-ester (PCBM, EA = 4.2 eV).
1
A major drawback of fullerene derivatives is their weak absorption in the visible and near-infrared regions and hence highly absorbing n-type polymers are an attractive goal. Achievement of conjugated high electron affinity polymers 40 remains a critical challenge and one of the most successful strategies has been the construction of conjugated polymers incorporating N-heterocyclic electron-deficient aromatics. 7, 9 However, development of nitrogen-containing polyheterocycles with high electron affinities and solubility in 45 common solvents has met limited success. 10 Recently, we have reported on a new class of water and/or alcohol soluble electron-accepting (n-type) conjugated polymers (P1) with bispyridinium-phenylene units. 11 In these materials, the electron-deficient pyridinium rings were 50 produced by an intramolecular cyclization to produce low LUMO energies and a relatively planar structure for extended π-electron delocalization. These materials displayed high EAs, reversible redox behavior, high conductivities, good electron mobilities, and efficient quenching of donor polymers. In this 55 present work, we have built upon these initial designs to create conjugated donor-acceptor semiconductive copolymers (P2~P5) with bispyridinium-phenylene units as the electron acceptor comonomer. We have systematically modulated of the intramolecular charge transfer (ICT) interactions by 60 choice of electron donor (D) units with the pyridiniumphenylene electron acceptor (A) units. The donor-acceptor copolymers (P3-5) exhibiting strong ICT have broad absorption bands that extend into the near-IR region, and ambipolar redox properties with large electron affinities (3.9-(GPC) using a HP series 1100 GPC system. Polystyrene standards were used for calibration, and tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mL/min. Fluorescence spectra were measured on a SPEX Fluorolog-τ3 fluorimeter (model FL-321, 450 W Xenon lamp), the 5 excitation wavelength used to obtain the fluorescence spectra corresponded to the absorption maxima in each case. Ultraviolet-visible absorption spectra were measured with an Agilent 8453 diode array spectrophotometer and corrected for background signal. 10 All electrochemical measurements were made with an AUTOLAB PGSTAT 20 potentiostat (Eco Chemie) using an internal Ag wire quasi-reference electrode (BioAnalytical Systems) submersed in 0.01 M AgNO 3 /0.1 M tetrabutylammonium hexafluorophosphate (n-Bu 4 NPF 6 ) in 15 anhydrous CH 3 CN or anhydrous CH 2 Cl 2 . Typical cyclic voltammograms were recorded using platinum button electrodes as the working electrode and a platinum coil counter electrode. The ferrocene/ferrocenium (Fc/Fc + ) redox couple was used as an external reference. In-situ conductivity 20 measurements were carried out by using interdigitated microelectrodes (5 µm gaps) as working electrodes. The polymer films were deposited in air by dropcasting the polymer solutions on interdigitated microelectrodes. In-situ conductivity measurements were carried out at a scan rate of 5 13 THP-protected 5,5'-di(trimethylstannyl)-3,3'-bis(2-hydroxyethoxy)-2,2'-bithiophene (6), 14 5,5'-bis(trimethyl stannyl)-2,2'-bis(3,4-45 ethylenedioxythiophene) (7) 15 were also prepared according to literature methods. Anhydrous dichloromethane, acetonitrile, and tetrahydrofuran were obtained using a solvent purification system (Innovative Technologies). Anhydrous DMSO was purchased from Aldrich as Sure-Seal Bottles and 50 used as received. Tetrabutylammonium hexafluorophosphate was recrystallized in ethanol prior to use. All other chemicals were of reagent grade and used as received. Column chromatography was performed using ultra pure silica gel (SILIYCYCLE, 40~63 µm).
55
General procedure for siloxyethyl-substituted bispyridylphenylene-based copolymers. Coplymer P7 A solution of 3 (71 mg, 0.1 mmol), 4 (66 mg, 0.1 mmol), and Pd(PPh 3 ) 4 To a solution of P7 (50 mg, 0.057 mmol) in 10 mL of CHCl 3 , SOCl 2 (2.0 mL) was added and the mixture was stirred at room temperature for 24 hours. The solution was evaporated, and then the resulting solid was dissolved in methanol, and 95 then re-precipitated and washed with hexane/ethanol to give polymer P2 as a red solid (95% yield 
Results and discussion
Synthesis and characterization Scheme 1 shows the synthetic routes to the homopolymer P1 10 and the alternating copolymers P2-5. 11 A pyridyl precursorpolymer is initially synthesized and is then transformed via a intramolecular nucleophilic substitution pathway to the target polymers having acceptor pyridinium rings. The symmetrical monomer 3 provides a head-to-head bispyridinium-phenylene- 15 based skeleton, which as expected displays reversible viologen-like redox behavior in the cyclized form. .08 ppm in the spectra of P7-10 and at 9.49-9.59 ppm in the spectra of P2-5, are assigned to the two protons (labeled "d" in Figure S1 -2) adjacent to the nitrogen atoms in the pyridine or pyridinium rings, were observed. The resonances at 7.29-7.98 ppm in the spectra of P7-9 and at 7.68-8.93 ppm in the 45 spectra of P2-4, are assigned to the two protons in the thiophene rings (labeled "e" in Figure S1 -2), the two protons in the phenylene ring (labeled "a" in Figure S1 -2), and the other four protons in the pyridine or pyridinium rings (labeled "b, c" in Figure S1 -2). The resonances at 7.38-8.09 ppm in the 50 spectrum of P10 and at 8.39-9.03 ppm in the spectrum of P5 also correspond to the two protons in the phenylene ring and the other four protons in the pyridine or pyridinium rings. The peaks in the range 0.8-5.0 ppm arise from alkyl groups in the copolymers P7-10 and P2-5, and the large two singlet peaks at 55 -0.77-0.83 ppm, corresponding to the TBDMS groups, were observed only in the precursor copolymers P7-10. 
Optical properties
An essential component for improving the efficiency of photovoltaic cells is to match the absorption spectra of the photovoltaic materials with the solar spectrum that extends 5 from 350 to 1500 nm with a maximum photon flux at around 700 nm. Therefore, conjugated polymers with broad absorption bandwidths and strong absorbance are desirable for photovoltaic cells.
The optical absorption and emission spectra of the 10 precursor homopolymer P6 and the bithiophene-based precursor copolymers P7-10 in dilute chloroform solution are shown in Figure 1a homopolymer P1 and the donor-acceptor alternating copolymers P2-5 are also summarized in Table 1 . The absorption spectra of P1-5 are significantly red-shifted relative to their respective precursors. This is attributed to the two ethylene bridges enforcing a planar conformation of the 35 bispyridinium-phenylene segment and inserting the electronic accepting pyridiniums. The thin film absorption spectra are generally similar in shape to those in dilute solutions. The solutions of P3-5 with the stronger donor units have very broad absorption bands that extend into the near-infrared 40 region with a λ max at 632 nm for P3, 700 nm for P4, and 600 nm for P5. Their optical band gap (E g opt ) derived from the absorption edge of the thin film spectra was 1.6 eV for P3 and 1.4 eV for P4-5 (Table 1) . Insertion of bispyridiniumphenylene segment into the repeating structure of poly (5), 45 poly (6), or poly (7) has a significant effect on their E g opt (1.55-1.80 eV ), 13, 18 and among them P5 with the most electron-rich bis(3,4-ethylenedioxythiophene) units has the strongest ICT interaction, and the smallest optical band gap, 1.1 eV, which is much smaller than that of homopolymer P1 (2.6 eV).
11 P2 50 had weak emission bands with peaks at 442 nm in dilute DMF solution, but all of the P3-5 have no detectable emission in solutions and thin films. Figure 1 (a) UV-vis absorption spectra and (b) PL emission spectra of P6-10 in CHCl3 solutions. (c) UV-vis absorption spectra of P1-P5 in water (P1) or DMF solutions (P2-P5) and (d) as the thin films on glass substrates. Interestingly, the EA values are higher than those estimated in the same method for most conventional polyheterocycles, 9 and are comparable to well known electron transporters PCBM 35 (4.2 eV) 1 or BBL (4.0 eV), 10 as well as homopolymer P1 (4.0 eV). 11 The lower band gap values of P3-5 compared to those of the homopolymers P1 are due to the strong ICT exhibited by these D-A alternating copolymers.
An electrochemically reversible charge trapping behavior 40 was observed in the CVs of P4 and P5 ( Fig. 4c and 4e ). Scanning the reductive and oxidative regions separately also results in reversible redox behavior, as shown in Fig. 4d and 4f. In the case of P4, the cyclic voltammogram shows six peaks A-F in the potential range between -1.5 and 1.1 V (vs. 1.1 V, only the A-B couple is observed, whereas scanning in the range -1.5 to 0 V gives rise only to the C-F and D-E couples (Fig. 4d ). These observations indicate that the A-B couple is mainly related to the oxidation and re-reduction of the bithiophene units, whereas the C-F and D-E couples are 55 related to the reduction and oxidation of the bispyridiniumphenylene units. Similar charge trapping phenomena have been observed in other thiophene-or Ru(bpy) 3 -based polymers wherein thiophenes are connected adjacent to metalbound pyridyl groups. 20 The unusually large potential 60 difference between the A and B peaks suggests the occurrence of a particular chemical interaction (possibly a weak σ-bond or π-bond) after the oxidation of the thiophene ring. The electrochemical band gap (E g el = IP -EA) was determined from Fig. 4d and 4f to be 1.4 eV for P3, 1.2 eV for P4, and 
In-situ conductivity measurement
In-situ conductivity measurements of P3-5 thin films were made using interdigitated microelectrodes and reveal a narrow 10 window of high conductivity 21 as shown in Figure 3 . Additionally their in-situ conductance measurements are consistent with doping processes observed by cyclic voltammetry. The maximum in situ conductivities of P3 (σ max = 183 S/cm), P4 (σ max = 130 S/cm), and P5 (σ max = 60 S/cm) 15 rival values observed of well-known p-type poly(3-alkylthiophene)s. Although the cyclic voltammetry results showed clear ambipolar redox properties, measurable p-type conductivities were not observed in any of the copolymer semiconductors.
The narrow window of the in situ 20 conductivity profile indicates that the mixed redox state is conductive and that the neutral (fully reduced) material is insulating, as similar to homopolymer P1.
Conclusion
We have synthesized new electron-accepting low band gap 25 conjugated polymers, P3, P4, and P5 by a Stille crosscoupling and cyclization sequence. These polyelectrolytes are freely soluble in organic solvents and display broad optical absorption bands that extend into the near-infrared region. These materials have high electron affinities (LUMO levels) 30 of 3.9-4.0 eV, reversible ambipolar redox behavior, charge trapping behavior, and high conductivities as high as 180 S/cm when reduced. The combination of these properties qualifies P3, P4, and P5 as promising n-type polymer semiconductors for printable electronic applications and all- 
